Several techniques for solid-state measurements have been reported in the study of polymorph: microscopy, IR spectroscopy, 3) differential scanning calorimetry (DSC), [4] [5] [6] powder X-ray diffractometry (XRD), 7, 8) and solid-state NMR. [9] [10] [11] [12] [13] [14] [15] Among such techniques, solid-state NMR is a non-destructive one, and has the ability to probe the individual chemical environment of each atom.
In pharmaceutical research, solid-state NMR has also been used for the solid-state interaction with excipients, [16] [17] [18] the behavior of water in pharmaceutical solids, 19, 20) and a stability study. 21) TCV-116 ((Ϯ)-1-(cyclohexyloxycarbonyloxy)ethyl 2-ethoxy-1-[[2Ј-(1H-tetrazol-5-yl)biphenyl-4-yl]methyl]-1H-benzimidazole-7-carboxylate) is a beneficial agent for hypertension, and a prodrug which is esterificated at the carboxyl group of the active compound (CV-11974) by the cyclohexyloxycarbonyloxyethyl group. 22, 23) TCV-116 is the racemic compound having an asymmetric carbon in the cyclohexyloxycarbonyloxyethyl group, and two stable racemic crystals have been obtained although their homochiral crystals are low crystalline. In this study, TCV-116 was used for elucidating the nature of crystal polymorph and the physical characterization of TCV-116 was investigated by DSC, powder XRD, IR, and solid-state NMR. were characterized by differential scanning calorimetry (DSC), powder X-ray diffractometry (XRD), IR spectroscopy, and solid-state NMR. The molecular motion of TCV-116 in three forms was investigated by solidstate NMR, and signals due to the terminal cyclohexane ring of TCV-116 in form II were affected by temperature, whereas those in form I were scarcely affected. At lower (؊89°C) and higher temperature (80°C), sharp signals due to the cyclohexane ring in form II were observed, whereas shallow signals were observed in the medium temperature range. These results indicated that the cyclohexane ring in form II presumably existed as the stable conformer: the chair form at lower temperature, and the chair form-chair form conformational change occurred at higher temperature. At the medium temperature, the broad and weak signals assigned to the cyclohexane ring in form II were presumably due to the flip-flop motion (correlation time being 10
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؊5 s) between the chair and boat forms. Results from the X-ray diffraction pattern and the crystal density also suggested that "free volume" for the flexible motion of the cyclohexane ring was present for form II. Apparatus Thermal Analysis DSC was performed using model DSC-220C (Seiko, Tokyo, Japan) with the heating rate of 5°C/min under nitrogen stream. DSC temperature scale was calibrated by the indium standard.
Melting Point Melting point was measured by a model MP-21 melting point apparatus (Yamato, Tokyo).
Powder XRD A model RAD-B X-ray diffractometer (Rigaku, Tokyo) with CuKa radiation was used for the acquisition of XRD patterns. Voltage and current were set 40 kV and 20 mA, respectively. All patterns were scanned over the range 5-45°2q angle with a scan rate of 1.5°/min.
Crystal Density The crystal density was measured by a model 1320 autopycnometer (Shimadzu, Kyoto, Japan). After an empty test, the test cell was filled with about 4 g of TCV-116 in form I (form II). The test cell in the pycnometer was sealed, and volatile contaminants were removed by degassing under vacuum. Helium was charged into the test cell, and the volume of helium filling the test cell was measured.
IR Spectroscopy IR spectra were recorded on a model I-5020 Fourier transform IR spectrometer (Hitachi, Tokyo) by the conventional KBr pellet method.
NMR Spectroscopy The 1 H-NMR spectrum of TCV-116 in DMSO-d 6 was recorded on an A500 spectrometer (JEOL, Tokyo) with tetramethylsilane as an internal reference. Solid state 13 C-NMR was performed on a DSX-200 spectrometer (Bruker, Germany) with a 7 mm (diameter) cross polarization magic angle spinning (CP/MAS) probe and hexamethylbenzene as an external reference.
High-Performance Liquid Chromatography (HPLC) HPLC was used to determine the content of TCV-116. The HPLC equipment was as follows: two pumps (L-6200 and L-6000; Hitachi, Tokyo) equipped with an auto-sampler (AS-4000, Hitachi), an octadecyl silica (ODS) column (YMC Pro C18, 150ϫ4.6 mm i.d., spherical, 5 mm, 120 Å; YMC Co., Ltd., Kyoto), UV-VIS detector (L-4000; Hitachi). The gradient elution was performed from acetonitrile/water/acetic acid (57/43/1, mobile phase A) to acetonitrile/ water/acetic acid (90/10/1, mobile phase B) over 30 min, the flow rate was 0.8 ml/min. Absorbance was detected at 254 nm. TCV-116 was dissolved and diluted with the mobile phase A (400 mg/ml).
Gas chromatography (GC) GC was used for the determination of the residual solvent (acetone) of TCV-116 in form I, form II and amorphous form. GC was equipped with a hydrogen flame-ionization detector and a 0.53 mm i.d. ϫ30 m fused silica capillary column coated with 5 mm chemically cross-linked 5% phenyl-95% methylpolysiloxane (SPB-5; Supelco, Inc., PA, U.S.A.). The carrier gas was helium with a linear velocity of about 35 cm per second. The injection port temperature and the detector temperature were maintained at 180 and 260°C, respectively. The column temperature was programmed according to the following steps: 35°C for 10 min, then increased linearly to 175°C at a rate of 8°C/min, followed by an increase to 260°C at a rate of 35°C/min and held for 16 min. TCV-116 was dissolved and diluted with benzyl alcohol (20 mg/ml). In this procedure, the detection limit was 30 ppm (acetone).
Results and Discussion
Thermal Analysis The melting point of TCV-116 in form I was observed at 163°C with decomposition, whereas TCV-116 in form II was opaque at near 120°C. In the amorphous form, the melting point could not be specified. The DSC measurements for all forms were consistent with the results of melting points as shown in Fig. 1 . The DSC thermogram of TCV-116 in form I showed a sharp endothermal peak (169°C) followed by an exothermal peak caused by decomposition. TCV-116 in form II was observed as a shallow endothermal peak at about 120°C. After DSC measurement, the collected samples were analyzed by HPLC to determine the content of TCV-116 in form II. The sample heated up to 125°C was decomposed (residual content, 68.6%), although the sample heated up to 80°C was stable (residual content, 98.8%). Results from the HPLC analysis suggested that TCV-116 in form II began to decompose as well as melting. Therefore, the DSC curve of form II gave a shallow endothermal peak. In amorphous form, samples heated up to 75°C, 110°C and 150°C were also analyzed by HPLC. TCV-116 in amorphous form was already liquid phase at 75°C, and the residual contents of TCV-116 were 81.3% (at 75°C), 61.9% (at 110°C) and 16.0% (at 150°C). Therefore, TCV-116 in amorphous form transferred first to the liquid phase and decomposed at low temperature, although endothermal and exothermal peaks could not be clearly observed.
Powder X-Ray Diffraction Patterns Figure 2 shows the powder X-ray diffraction patterns of TCV-116 in form I, form II, and amorphous form. These patterns indicated that there were different crystal structures in form I and form II, suggesting the different packing or conformation of TCV-116 molecules in each crystal lattice. The characteristic peaks, 2q, were observed at 9.82°for TCV-116 in form I and 7.28°i n form II. This result suggested that TCV-116 in form II exhibited the large spacing lattice planes compared with form I.
The crystal density of TCV-116 in form I and that in form II were 1. spectively. Results from the crystal densities of TCV-116 in the two forms, as shown in Table 2 , also indicated that molecular packing in the crystals of form II was not dense compared with that of form I. Figure 3 shows IR spectra of TCV-116 in form I, form II and amorphous form. The great difference among the three spectra was the strong absorption band at 1754-1717 cm Ϫ1 assigned to the carbonyl stretching vibration. The absorption band observed at 1717 cm Ϫ1 in form I was shifted to 1736 cm Ϫ1 in form II, although another carbonyl absorption band was commonly recognized at the same position. These differences in the spectra of TCV-116 between form I and form II suggest that the conformation of cyclohexcyloxycarbonyloxyethyl group of TCV-116 in form II is different from that in form I. In amorphous form, IR spectrum became broad compared to the spectra of forms I and II. The absorption band assigned to the carbonyl stretching vibration was shifted to the middle position (1728 cm Ϫ1 ) of form I (1717 cm Ϫ1 ) and form II (1736 cm Ϫ1 ). 13 C CP/MAS NMR Spectra To distinguish molecular structures and dynamics of TCV-116 in these three forms (form I, form II and amorphous form), solid-state NMR spectroscopy was employed. Figure 4 shows 13 C CP/MAS spectra of TCV-116 in form I and form II.
IR Spectroscopy
The chemical shifts of methyl groups (C 19 , C 21 ) and the lineshape of cyclohexane ring (C 13 -C 18 ) were different between these two forms. For the signals of methyl groups (C 19 , C 21 ), the C 19 signal in form II was significantly shifted to the lower field compared to that in form I, although the C 21 signal was scarcely shifted. These results indicated that the relative location of C 19 in form II was different from that in form I and the dissolved state (free molecule) in DMSO-d 6 .
13 C CP/MAS spectrum of TCV-116 in amorphous form obtained from form I was the same as that from form II as shown in Fig. 5 . In addition, the chemical shifts of TCV-116 in amorphous forms were similar to those of form I. These results also suggested that intermolecular interactions and arrangements (or molecular packing) in the crystal lattice of form II seemed to be different from the other forms.
Effect of Temperature on the 13 C CP/MAS Spectra To investigate the effects of temperature on 13 C chemical shifts of TCV-116, 13 C CP/MAS spectra at various temperatures were obtained. For the spectra of TCV-116 in form I and amorphous form, the chemical shift and the lineshape (see Figs. 4 and 5) were not affected by changing the temperature (data not shown). However, the different spectra were observed for form II with varying temperatures. Figure 6 shows the spectra of form II in the temperature range from Ϫ89°C to 80°C. Sharp signals due to the cyclohexane ring were obviously both at lower (Ϫ89°C) and higher temperature (80°C), although the signals became broad and weak at 20°C and 50°C (medium temperature range). 13 C signals due to the terminal cyclohexane ring (C 13 -C 18 ) indicate very large temperature dependence, and this phenomenon is found to be reversible in the temperature variation.
It has been pointed out that not only the signal-to-noise ratio but also line-broadening in CP/MAS measurements are caused by dynamic molecular reorientation which occurs with a similar frequency to the rf-decoupling field. 24) In this case, the temperature dependence of CP/MAS NMR linewidths can be given by (1) where g H and g C are the gyromagnetic ratio for 1 H and 13 C, respectively, h ස the Planck constant, t c the correlation time of molecular motion, T 2 the spin-spin relaxation time, r the distance between 1 H and 13 C, and the protons are subjected to an rf-decoupling of intensity w 1 . According to Eq.1, the linewidth, which equals 1/T 2 , gives a maximum when w 1 t c ϭ 1. This condition also corresponds to the minimum of T 1r , spin-lattice relaxation time in the rotating frame. In our normal decoupling intensity, it can be expected that t c is 10 Ϫ4 -10 Ϫ5 s. In other words, if the correlation time of molecular motion becomes as fast as 10 Ϫ4 -10 Ϫ5 s in a certain temperature region, the CP/MAS signals for 13 C nuclei concerned with the motion become very weak. In the higher temperature region, molecular motion takes place rapidly to satisfy the condition w 1 t c Ͻ Ͻ1 (fast motion limit), and in the lower temperature region, it takes place slowly to satisfy the condition w 1 t c Ͼ Ͼ1 (slow motion limit). Therefore, we can expect to detect strong signals for both limiting cases. This mechanism of line broadening has been clearly observed in various systems in the solid state. 25, 26) Cyclohexane ring is highly flexible, and it can exist in two interconvertible conformations, the boat and chair forms. At Ϫ85°C, the well-resolved signals (C 13 -C 18 ) of the stable conformation (chair form) could be observed. At lower temperature (slow motion limit), the cyclohexane ring of TCV-116 in form II can be expected to assume the stable conformation: the chair conformer. In the medium temperature range (20°C, 50°C), the shallow signals were observed, suggesting that the conformational change between the chair and boat forms becomes rapid enough to satisfy the condition w 1 t c ϭ1, and then probably averages the different chemical shifts of these two conformers (ca. 200 Hz, which corresponds to 5 ms for the correlation time, between C 16 and C 15 , C 17 signals). As the temperature increased further (fast motion limit), the signals became strong and were observed again corresponding to the stable conformer (chair form). These results indicate that the amplitude of this flip-flop motion increases and at last chair-chair conformational change takes place. Therefore, the resolved signals were also observed at high temperature.
In contrast to form II, neither form I nor amorphous form indicated such a temperature dependence on 13 C CP/MAS NMR spectra. As you can see, in general, there are two possibilities to explain these phenomena: The molecular motion in these forms is in 1) fast motion limit (w 1 t c Ͻ Ͻ1) or 2) slow motion limit (w 1 t c Ͼ Ͼ1). Taking into account the XRD data and IR data described above, it is strongly suggested that molecular motion in form I is in the slow motion limit. However, it is not easy to determine the motional state in amorphous form because the resonance lines become very broad as shown in Fig. 5 due to the inhomogeneous crystalline state, although molecular motion in amorphous form is considered to assume the fast motion limit.
Considering the results from XRD and crystal density, as described above (shown in Table 2 ), the behavior of the cyclohexane ring also implies that the vacant spaces such as "free volume" for the flexible motion are present at the crystalline lattice in form II.
In conclusion, two crystalline forms of TCV-116 were characterized by powder XRD, IR, and solid-state NMR. Different crystalline forms could be distinguished by powder XRD and solid-state NMR, and different comformations in crystalline forms were confirmed by IR and solid-state NMR. The presence of the free volume of TCV-116 in form II is presumed to influence the difference of the physicochemical characterization between form I and form II.
